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Abstract 
Based on study of aeroengine vibration mechanism and analysis of characteristics of vibration signals corresponding to rotor 
faults, empirical mode decomposition method is used to decompose the vibration signals measured on engine cases. It is used in 
time-frequency domain to extract vibration features, because time-frequency properties of vibration signals can reveal rotor faults 
more effectively. The rotor vibration signals are first compared with the energy state of intrinsic mode function of EMD and its 
relevance to the original signal. Then, on the basis of determination of the main fault information included by IMF, the three 
information entropies are evaluated in the time domain, frequency domain and time-frequency domain respectively. Finally, the 
feature vector for rotor fault diagnosis is composed of the three information entropy values calculated from each IMF and the 
spectral entropy of wavelet packet space characteristics obtained by wavelet packet decomposition. The results show that 
empirical mode decomposition method based on time-frequency analysis can extract feature vectors of the non-stationary fault 
signals effectively. This provides a systematic method of quantitative feature selection for aeroengine rotor fault diagnosis 
through vibration analysis. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
As performance requirement for aircraft engines is high and high, the operating condition of the engine’s rotor 
system is more and more close to the extreme condition at high temperature and speed. This makes aeroengine 
vibration problems become one of the major causes of unscheduled maintenance before overhaul life. Therefore, 
how to monitor engine vibration condition and achieve effective fault diagnosis becomes a big concern of 
aeronautical researchers and engineers. Empirical mode decomposition [1, 2] is a signal processing method which 
can be used to decompose a complex signal function into a finite number of intrinsic mode function (IMF). Each of 
the IMF shows the local characteristic of selected time scale of the signal, while the frequency spectrum of each IMF 
indicates the frequency domain property of the component from high frequency range to low frequency range. Due 
to the IMF component obtained by breaking down the original signal has the characteristic of reflecting changes over 
the signal’s time scale, EMD method is a suitable nonstationary and nonlinear signal processing method for 
extracting rotor vibration signals. Based on the signal characteristics obtained by signal analysis in both time and 
frequency domains, seven information entropies are chosen to form a feature vector representing each engine 
vibration condition, and this vector is then used for diagnosis purpose. 
2. Theoretical explanation of the feature extraction method 
The feature extraction method used in this paper is based on empirical mode decomposition (EMD) of the original 
vibration signals and calculation of information entropy. EMD method is a kind of adaptive time-frequency signal 
processing method [3, 4]. In order to make the instantaneous frequency from EMD meaningful, Huang defined the 
intrinsic mode function (IMF). IMF can reveal local features of original signals and this makes instantaneous 
frequency meaningful for any point of time. EMD method is proposed based on the basic assumption that any 
complex signal is comprised of a finite number of both linear and nonlinear or non-stationary intrinsic mode 
functions. Each of these functions contains different frequency components, from high to low frequency, of the 
signal decomposed. And these intrinsic mode functions are unrelated to each other, namely orthogonal to each other. 
Usually the first several components include the most important information for diagnostic purposes.  
Information entropy is a quantitative description of level of uncertainty and complexity of systems or things [6]. If 
M represents both the Lebesgue space generated by a measurable set and the measure of the space, and Ai is a subset 
of space M, then the information entropy of the space M under the division is given by 
∑
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where MAA ii =)(μ , and )( iAμ  is the measure of subset iA . 
According to the fact that engine case vibrations caused by rotor faults have different characteristics in time 
domain and frequency domain, four types of information entropy, which are singular spectrum entropy, power 
spectrum entropy, wavelet energy spectrum entropy, and wavelet packet space characteristic spectral entropy 
respectively, are used to form feature vectors for fault diagnosis. With each engine, one entropy value is calculated 
for each of the first three types, and four values are calculated for the last type, so the feature vector is 7-dimensional.   
Classification using this kind of feature vector is proved more effective [7, 8]. 
3. Description of the source vibration signals 
The source vibration signals of this study are measured on the casing of a twin-spool turbofan engine by velocity 
pickups during rig test. Fig. 1 shows the axial positions of five cross sections at which the sensors are placed. The 
maximum permissible vibration is 50 mm/s. The rated speeds of the high pressure rotor and low pressure rotor are 
13500 r/min and 10500 r/min respectively.  
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Fig. 1. Diagrammatic sketch showing 5 cross-section positions for sensor placements on engine casing. 
As shown in Fig. 1, casing vibrations are measured in both horizontal and vertical directions at the five cross 
sections. Table 1 gives descriptions about the number, location and direction of the sensors on the five cross sections. 
Table 1. Sensor location and direction on the five cross sections. 
Number of Cross section  Description of Cross section position Description of measuring point and direction  
Section 1-1 Through front bearing of the fan  2 front points in horizontal and vertical directions 
Section 2-2 Through the intermediate casing 2 middle points in horizontal and vertical directions  
Section 3-3 Through the bearing of the low pressure turbine   2 rear points in horizontal and vertical directions 
Section 4-4 Through external accessory unit    2 outer points in horizontal and vertical directions 
Section 5-5 Through gear reduction unit 1 upper point in horizontal direction 
During rig tests of the engines, vibrations were measured under a variety of different operating conditions shown 
in Table 2. Quantities of digital signals of vibration velocity were obtained with sampling frequency of 10 kHz. 
Table 2. Rotating speeds corresponding to different operating conditions. 
No. Operating conditions Rotating speeds (percentage of maximum speed) 
1 Starting 0 to70%  
2 Running up and down in steps Several steady speeds between 70% and100% 
3 With after burner operating 100% 
4 Slow acceleration and deceleration From 70% to 100% and then from 100% to 70% 
5 Stopping 70% to 0 
6 Fast acceleration and deceleration From 70% to 100% and then from 100% to 70% 
4. Information entropy calculation for vibration feature extraction 
4.1. Information entropy calculation based on EMD  
EMD method is employed to decompose the original vibration signals into multiple components adaptively. The 
purpose of this analysis is to provide accurate and effective engine fault information for diagnosis. According to the 
definition and properties of EMD, vibration signals are selected and analyzed and many set of IMF components are 
obtained. Fig. 2 and Fig. 3 just show two examples, one for a normal engine and the other for a faulty engine. 
After the EMD decomposition of the engine vibration signals, the obtained IMF components contain the different 
frequency components. And these frequency components change with the change of the signal itself. This proves 
that the EMD decomposition possesses adaptability. It can be seen in Fig. 2 and Fig. 3 that with the increase of 
component number, the IMF components in both figures fluctuate more and more slowly. But it can be seen clearly 
1579 Cui Zhang et al. /  Procedia Engineering  99 ( 2015 )  1576 – 1581 
      
Fig.2. EMD analysis results of a normal engine, (a) IMF components from 1 to 4, (b) IMF components from 5 to 8. 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. EMD analysis results of a faulty engine, (a) IMF components from 1 to 4, (b) IMF components from 5 to 8. 
that time components frequency structures are very different for different engine conditions. According to the fact 
that vibration characteristic frequencies caused by rotor faults appear at multiple frequencies of shaft frequency, 
information entropy is calculated using Eq. (1) based on the decomposed IMF component. Three types of entropy 
are calculated which are singular spectrum entropy, power spectrum entropy, and wavelet energy spectrum entropy 
respectively. Table 3 gives one example of calculation results of these three information entropies. 
Table 3. Calculation results of three information entropies based on IMF of a set of vibration signal. 
Source data Singular spectrum entropy Power spectrum entropy Wavelet energy spectrum entropy 
IMF 1 98.5632 88.5941 41.5963 
IMF 2 97.7465 79.3796 28.4253 
IMF 3 89.3547 64.5255 17.8912 
IMF 4 61.1471 44.7573 0.8730 
IMF 5 45.9252 27.3655 0.0523 
IMF 6 34.7480 23.1385 0.0109 
IMF 7 20.5620 32.2586 0.0012 
IMF 8 11.5683 21.5348 0.0000 
With the increase of the number of the IMF components, the information entropy becomes smaller and smaller. 
The greater the information entropy, the higher the uncertainty and complexity of the vibrations and the engine 
conditions are. So higher entropies are selected for later feature vector formation and fault diagnosis. 
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4.2. Calculation of wavelet packet space characteristic spectral entropy 
Wavelet packet decomposition is conducted to divide engine vibration signals into different frequency bands. 
When the engine vibration fault occurs, it makes strong effect on vibration energy of the high frequency bands [9]. 
Each set of vibration signal is decomposed into three layer wavelet packets and eight time series are obtained. 
Finally four wavelet packet space characteristic spectral entropies are calculated using the last four time series for 
each engine. Result of these wavelet packet space characteristic spectral entropy of six engines are given in Table 4. 
Table 4. Calculation results of wavelet packet space characteristic spectral entropy of six engines.  
Vibration data Engine 1 Engine 2 Engine 3 Engine 4 Engine 5  Engine 6 
The fifth time series 134.24    149.04    148.14       158.48       162.39       151.23       
The sixth time series 130.80    156.84   155.99 163.62 167.46 157.62 
The seventh time series 130.81    156.92    155.96 159.31 167.34 157.56 
The eighth time series 143.12 158.93 157.81 167.70 170.31 161.03 
5. Feature vector formation and diagnosis verification 
Using the singular spectrum entropy, power spectral entropy, wavelet energy entropy and the four wavelet 
packet space characteristic spectral entropies, a 7-dimensional feature vector is formed for diagnosis of each engine 
as shown in Table 5.   
Improved support vector machine method is used for diagnosis. Altogether, 92 vibration signals are collected 
during rig tests of the engines. In this study, 72 samples are randomly selected from these instances as the learning 
samples for the prediction model. And from the rest samples, 6 samples are randomly selected for prediction. The 
results are shown in Table 5. 
Table 5. The feature vectors and diagnosis results of six aircraft engines. 
Engine No. The feature vector Actual condition Posterior probability Diagnosis result 
1 {301.59    71.49   221.67   134.24   130.80   130.81   143.12} Normal 0.71 Normal 
2 {  86.63    89.27   191.59   149.04   156.84   156.92   158.93} Normal 0.61 Normal 
3 {  98.46    83.64     88.88   148.14   155.99   155.96   157.81} Faulty 0.32 Faulty 
4 {366.44    56.51   199.39   158.48   163.62   159.31   167.70} Normal 0.76 Normal 
5 {  95.39    90.43     37.75   162.39   167.46   167.34   170.31} Faulty 0.31 Faulty 
6 {109.77    88.76     40.83   151.23   157.62   157.56   161.03} Normal 0.60 Normal 
 
It can be seen from Table 5 that the diagnostic results agree well with the corresponding actual conditions of the 
engines. Therefore, the feature vector composed by power spectrum entropy, singular spectrum entropy, wavelet 
energy spectrum entropy, and four wavelet packet space characteristics spectral entropies is proved effective for 
rotor fault diagnosis of aircraft engines.  
6. Conclusions 
In this paper, the EMD method and the wavelet packet decomposition method are used in combination to extract 
vibration features for aircraft engine fault diagnosis. Based on the diagnosis results, the following conclusions can 
be drawn. 1. Compared to the original vibration signals, selected components after empirical mode decomposition 
can reveal fault information in a more concentrated way, therefore the determination of fault condition is more 
definite. 2. This method can show clear differences between vibrations caused by typical rotor faults and normal 
vibrations caused by normal excitations, therefore it can achieve better result in quantitative feature extraction for 
rotor fault diagnosis. 
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